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ABSTRACT 
Increasingly stringent targets on energy efficiency and 
emissions, as well as growing vehicle electrification are 
making attractive the electric recovery of the energy normally 
wasted through the tailpipe of Internal Combustion Engines. 
Recent developments in thermoelectrics (TE) may soon make 
them a viable solution for such applications [1].  
This team has been exploring the potential of using TE 
modules in combination with variable conductance heat pipes 
for transferring the exhaust heat to the generator with very low 
thermal resistance and at a constant, prescribed temperature. 
This passive temperature control eliminates the need for by-
pass systems in the event of temperature overshoots. 
The operating temperature of a generator should be as high as 
possible in order to maximize the Seebeck effect. However, 
currently available modules are temperature limited. 
Moreover, the higher the HP temperature the less the usable 
thermal power at the exhaust will be (heat can only be 
transferred to from a hotter to a colder body). 
The present work assesses both theoretically and 
experimentally the influence of the HP temperature in the 
electric output of a thermoelectric generator. A small diesel 
engine and a generator were tested and it was found that a 
high HP operating temperature is only limitative for 
performance in the cases where low exhaust temperature and 
low engine power are present. In those cases it is possible to 
estimate an optimal HP temperature in order to maximize 
power output. The combined use of Seebeck modules and heat 
pipes was found to be highly advantageous in various ways. 
 
INTRODUCTION 
The harvesting of the wasted energy in Internal Combustion 
Engines (ICE) is now becoming more and more attractive as 
fuel economy and emissions targets [2;3] are getting evermore 
challenging for automotive industry OEMs. In fact, over one 
third of the energy content of the fuel is normally wasted 
through the tailpipe of the ICE [4;5], with a similar amount 
being lost in other ways, namely the cooling system. In 
comparison to the cooling heat, the exhaust energy has a much 
better recovery potential due to its high temperature level. 
Energy waste may be reduced firstly by improving the thermal 
efficiency of the ICE with strategies such as over-expansion, 
as explored by the team [6;7] or by converting it into 
electricity, something increasingly attractive given vehicle 
electrification trends. 
Electric turbo-charging/compounding, Organic Rankine Cycle 
(ORC) turbines [8;9] and Thermoelectric Generators (TEGs) 
based on the Seebeck effect [1] have been tested in heavy duty 
applications in the past. ORCs have the highest recovery 
potential [9] but are still difficult to downsize for light duty 
vehicle applications [10]. 
Despite its still low efficiency, state-of-the-art TE modules 
exploring phenomena such as quantum confinement are 
claiming efficiencies above 10% [11]. TEGs are reliable as 
they don’t have moving parts and they are very small in 
volume. Moreover, they currently stand as the only practical 
option for low power waste heat recovery applications since 
they are intrinsically scalable. Major OEMs like Honda [12] 
and BMW [13] have been testing this technology, some with 
targets of 5% improvement in fuel economy. 
But the currently most significant obstacles for TEG adoption 
in exhaust applications are their limitations in operating 
temperature, power density and cost [10]. The current power 
density and cost restraints of TEGs may soon be overcome by 
the use of low thickness TE modules combined with very low 
thermal resistance heat paths [14]. Solutions for controlling 
the operating temperature of TEGs with low thermal 
resistance and high reliability (no moving parts) have been 
proposed by the team using heat-pipes. This included both 
theoretical and experimental work with several proof-of-
concept prototypes [15-18]. This solution avoids the use of by-
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pass systems as the source heat is converted to the required 
temperature level. 
The use of a phase changing fluid contained within Heat Pipes 
(HP) to transfer the heat from the exhaust gases to the 
thermoelectric devices is convenient in several ways [19]. On 
one hand, Boiling and Condensation are among the most 
effective heat transfer mechanisms available. Additionally, the 
possibility of regulating the operating temperature of the HP 
(the boiling point of its fluid) provides passive protection to 
the system in terms of overheating, thus eliminating the need 
for wastegates/bypass valves. 
Ideally, the heat directed to the TEG should display the 
highest possible temperature that the modules can withstand in 
order to maximize the Seebeck Effect (voltage generated 
increases with the increase of the temperature differential 
across the thickness of the TEG modules). However, currently 
available modules are temperature limited. Furthermore, the 
temperature of the HP fluid has to be suitable for the exhaust 
gas conditions. Too high and the temperature difference 
between gases (at low power conditions) and HP will be too 
small to provide enough power. Too low and the TEG 
efficiency will drop below usefulness. For each exhaust 
condition there will be an optimal HP working temperature. 
Previous work published by the group has illustrated the 
potential of TEGs with HP assist by testing several proof-of-
concept prototypes. The present work assesses the influence of 
HP temperature on TEG performance both theoretically and 
experimentally. 
Heat Pipes 
A Heat Pipe (HP) is a thermal device with an extraordinary 
degree of heat transfer potential, as it uses one of the most 
efficient modes of heat transfer, the phase change [19]. In 
short, a heat pipe (Fig. 1) is a tube where in one extremity a 
liquid (can be water) boils and on the other end it condenses, 
transferring an enormous amount of heat from the boiling end 
to the condensing end. A large flow of fluid travels in vapor 
form (from vaporization to condensation ends) through the 
inside of the pipe and in liquid form, by gravity, attached to 
the walls. 
The HP depicted in Fig.1 has only one fluid, in vapor and in 
liquid form, obviously at saturation conditions. This means 
that the pressure and the temperature will change according to 
the outside temperature and according to the thermal power it 
is subjected to. Therefore, it is not possible to control the 
temperature at which the heat transfer will occur because 
increased vapor generation will easily raise the inner pressure 
and thus also raise the saturation temperature. For that we 
need to control the HP pressure independently of its heat flux. 
 
 
Figure 1. Working principle of a basic Heat Pipe 
This device is called the Variable Conductance Heat Pipe 
(VCHP), and it incorporates an expansion tank as well as a 
non-condensable gas in its interior at a prescribed pressure. 
The expansion tank has the ability of accommodating variable 
vapor content during variable load operation without 
significant pressure increase. Now, if the non condensable gas 
pressure is kept constant, so will be the phase-change 
temperature of the working fluid. This latter temperature will 
be the HP temperature. With this appliance it is possible to 
accomplish the goal of limiting the temperature at which the 
heat is supplied to the TEG and tune this temperature to an 
optimum. The VCHP proposed in this work is of this type. 
Fig. 2 displays the comparison of Standard and Variable 
Conductance Heat Pipes under variable thermal load. 
 
Figure 2. Comparison of Standard and Variable 
Conductance Heat Pipes under variable thermal load 
The Variable Conductance Heat Pipe owes its name to the fact 
that the active area of the condenser (the area reached by the 
vapor) will vary according to the thermal load. In fact, as more 
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thermal power is available, a higher amount of vapor will be 
generated. This vapor mass will push the gas further up, taking 
its place pushing it out of the condenser region, and therefore 
will reach a bigger area of the condenser. Under these 
conditions, the active area of the condenser will vary 
according to thermal load providing the analogous of a 
variable conductance medium. 
Additionally, it would possible to envisage a device with 
actively controllable pressure by means of a pressure 
adjustable membrane bladder, therefore allowing different 
working temperatures. This may be interesting to enhance the 
heat transfer levels for different exhaust conditions (different 
engine loads and speeds) but would increase system 
complexity. If the temperature for the phase change is set at 
the maximum (allowed by the TEGs), then the heat transfer 
will be very limited at low exhaust temperatures. It is therefore 
advisable to find the id\eal HP temperature so as to maximize 
electric output. After having illustrated the potential of using 
temperature controlled thermoelectric generation with heat 
pipes in previous works, the present work explores precisely 
the issue of optimal heat transfer temperature in such systems. 
The use of a very small 10 hp Diesel engine with a generator 
with only 12 thermoelectric modules illustrates the scalability 
of this type of technology. Naturally, bigger engines and 
generators will be likely used in other applications of this 
technology in the future. 
 
EXPERIMENTAL PROCEDURE 
A proof-of-concept model of a VCHP device has been built in 
order to assess the potential for heat recovery from the exhaust 
system of a small Internal Combustion Engine (ICE). It is an 
evolution of a previous model studied before [16]. 
The evaporator end of the VCHP is immersed in the exhaust 
stream of a small single-cylinder Diesel engine. This 
evaporator consists of a series of finned copper pipes (see 
Fig.3). We used the actual pipework from a combustion 
chamber of a small hot water boiler. It has 7 fins per 
centimeter. This system is seen at the bottom of the global 
apparatus seen further ahead in Fig 6. 
As seen in Fig. 3, the evaporator has 6 finned pipes that are all 
interconnected at the bottom (to equalize liquid level), with 8 
mm outer diameter and 0.5 mm of thickness. 
These 6 copper pipes are connected to three upper copper 
blocks, acting as condensers. The vapor generated at the 
evaporator will rise and condense at the blocks, falling back 
(due to gravity) to the evaporator. The HP fluid used was 
water, filling the length of the evaporator pipes that is 
immersed in the exhaust gas flow. Using water as working 
fluid is recommended only for mild temperatures since 
increasingly high pressures are needed for higher HP 
operating temperatures (for instance, obtaining a 200 ºC water 
boiling temperature would require pressures in excess of 
15 bar). The authors have tested previously other fluids 
besides water. Namely, a fluid called DOWTHERM A was 
used for the higher temperature range [16]. This fluid has a 
phase change temperature around 250 ºC at atmospheric 
pressure. Fluids recommended for other temperature ranges 
are proposed in [19]. 
 
 
Figure 3. Drawing of the exhaust gases duct with the HP 
Evaporator inside. 
No wick covering the inner HP surface was deemed as 
necessary in this phase, as the HP can operate solely on 
gravity. Consequently, the HP heat exchanger solution 
adopted does not pose the cost issues frequently associated 
with the more customized wicked HPs like those found in 
aerospace applications [19]. 
TEG modules were placed on the outer surface of these 
condenser blocks, "sandwiched" between them and the water 
cooling ducts. These condenser blocks, shown in Fig. 4, are 
20mm thick solid copper blocks with an area that fits two 
vertically aligned thermoelectric modules (RS Amidata ref. 
6937116 with dimensions 62 x 62 x 5.3 mm
3
) on each face. 
The blocks were drilled with two different diameter wholes, as 
shown. The bottom of the first block has six 8 mm holes, 
where the 6 heat pipes have been attached. These six 8 mm 
holes are extend up to two thirds of the length of the block and 
are intercepted by three 16 mm holes drilled from the top of 
the block down to a depth of two thirds of the total block 
height. The condensation of the working fluid occurs on these 
inner surfaces. 
Of course, an optimized commercial version of the concept 
need not use expensive bulk copper (it has been used here to 
easily obtain low thermal resistances). The aim will be to 
increase the condensing area and reduce thermal resistance 
(either obtained with high conductive materials or low 
thickness ones). 
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Figure 4.  Upper view (left) and lower view (right) of the HP 
condenser blocks 
On the outer (cold) face of the TEGs water ducts were placed, 
as shown in Fig. 5. These were also made from solid copper 
blocks (15 mm thick) drilled with seven 6 mm holes, through 
where the cooling water would flow. To maximize the 
convective heat transfer the contiguous channels were 
connected in zig-zag in a series configuration so that water 
speed and turbulence could be maximized. 
 Again, this proof-of-concept system could be optimized for 
the commercial application by using less bulk materials, lower 
thicknesses and wider exchange areas. 
Sharing the engine’s cooling system for cooling the modules 
may not be a good solution since its temperature is too high 
(loss of temperature differential). However, a dedicated low 
temperature cooling system does not seem to be ideal either, 
as it could have some energy consumption and would add 
complexity to the system. This issue has still not been 
addressed in the current work, but some passive cooling 
system would be envisaged for future work. This could consist 
on a finned air cooled heat sink in contact with the vehicle’s 
external air flow. Even better, a heat pipe with an externally 
finned heat sink at the HP condenser.   
 
 
Figure 5. One of the three HP condenser blocks each one 
attached with modules on both sides and external cooling 
ducts. 
Fig. 6 shows a global view of the apparatus (the complete 
system is seen in Fig. 8). Comparing with the outline of Fig. 2 
the heat source is the exhaust gas flow that crosses the 
evaporator as seen previously in Fig. 3. The condenser 
consists on the group of three blocks, each with 4 
thermoelectric modules attached. The face of the modules 
attached to the condenser blocks (called the hot face of the 
modules) is the heat sink of the HP (the medium through 
which the heat is retrieved from the system). On the other 
hand, the heat absorbed by the modules is subsequently 
channeled to the exterior by the cooling ducts that are attached 
to the outer face (called the cold face) of these same modules, 
as depicted in Fig. 5. For clarity these ducts are missing in Fig 
6 so that the modules may be seen. 
 
Figure 6. Design and photograph of the apparatus 
Three 16 mm copper tubes make the connection between 
Block 3 to 2, and the connection from that block to Block 1 
(the top block) is again made by six 8 mm tubes (Fig. 6).  
A collector, located at the top of the system, connects the 
pipes from the top block (Block 3) to a 20 L expansion tank 
that ensures constant pressure (and thus operating 
temperature) of the system irrespective of load. Since this is 
still a proof-of-concept apparatus no calculations to optimize 
the tank capacity have been made, but the results confirmed 
the isothermal operation of the system. The Clausius – 
Clapeyron relation (which relates pressure, temperature and 
volume differentials for vapor) could be used to do this. 
In the event of an excessive load the vapor region will expand 
extending beyond the condenser blocks. To avoid the risk of 
evaporator dry out during these high power events, a cooling 
cup (a water cooled concentric tube condenser) has been 
added between the collector and the expansion tank. This 
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simple artifact ensures that the excess vapor that moves above 
the condenser blocks effectively condenses even during excess 
load events. 
There is an external tube, connecting the collector to the 
evaporator, including a glass tube used for visualization of the 
liquid level during operation. Although it resembles a two 
phase thermosiphon loop, its only purpose is to measure the 
liquid level at. 
Several sleeved type-K thermocouples (with ± 0.5 ºC 
uncertainty when measured with data acquisition system NI 
4350 with 24 bit resolution) were used for temperature 
measurement. They were placed in various locations to 
measure temperature and determining heat transfer rates 
within the apparatus. Namely, thermocouples were placed at 
exhaust entry/exit, at the modules’ faces, inside the heat pipes 
(in the midst of the vapor) and along the cooling circuit at the 
several entries/exits of the blocks and excess heat cup. This 
was made in order to measure the thermal power reaching the 
coolant coming from each block/cup. 
Voltage measurements were performed with 12 bit NI USB 
6009 data acquisition cards. The accuracy of these cards is 
15 mV according to the manufacturer. Both open and closed 
circuit voltages were measured in the modules. 
The water cooling flow rate was measured periodically with a 
graduated glass container and kept constant at 112 ± 2 L/h. 
The thermal power is calculated from the water’s mass flow, 
specific heat cp and the temperature differential Tin - Tout. 
Therefore, for water temperature differences around 10 ºC 
(which corresponds to 1.3 kW power) the maximum error for 
the thermal power will less than ±7 %. 
The tests were performed with an Yanmar single-cylinder 
Diesel engine (Fig.7) with characteristics listed in Table 1. It 
has a maximum power of 10 hp (7.4 kW). 
Because of laboratory conditions, the distance between the 
engine and the apparatus was rather large (~3 m), so the 
temperature of exhaust gases decreased significantly between 
the engine and the TEG generator. 
Table 1. Engine Characteristics 
Model Yanmar L100N 
Type Diesel 
Injection type Direct Injection (mech.) 
Displacement 435 cc 
Bore 86 mm  
Stroke 75 mm  
Continuous rated Power 9 hp (6.6 kW) @ 3600 rpm 
Maximum rated Power 10 hp (7.4 kW) @ 3600 
rpm Cooling type Air cooled 
 
 
Figure 7. Diesel engine used for the experiments 
The overall view of the apparatus under operation with 
insulation can be seen in Fig.8. 
 
Figure 8. Apparatus connected to the exhaust of the engine 
 
RESULTS 
Theoretical analysis 
Prior to presenting the experimental results it is possible to 
estimate, for a given exhaust temperature, 𝑇𝑒𝑥ℎ𝑎𝑢𝑠𝑡  and mass 
flow rate of gases, 𝑚 𝑒𝑥ℎ𝑎𝑢𝑠𝑡  the maximum possible electric 
power generated as function of the Heat Pipe temperature, 
𝑇𝐻𝑃 . This would happen if all the available thermal power of 
the exhaust gases is absorbed by the system. Under such 
Exhaust gases 
entry into the 
generator
GENERATOR
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conditions the exhaust temperature would leave the system 
with temperature 𝑇𝐻𝑃  (it is not possible to transfer heat from a 
cold to a hot medium). Therefore, the maximum available 
thermal power, or in other words, the maximum absorbable 
exhaust thermal power, will be given by the following 
expression: 
𝑃𝑡_𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = 𝑚 𝑒𝑥ℎ𝑎𝑢𝑠𝑡 ∙ 𝑐𝑝_𝑒𝑥ℎ ∙  𝑇𝑒𝑥ℎ𝑎𝑢𝑠𝑡 − 𝑇𝐻𝑃   (1) 
Therefore, for a given exhaust system, the higher the HP 
temperature, the lower will be the available thermal power. 
For a real case, only a fraction of the available thermal power 
will actually be captured by the system due to thermal 
resistances. This fraction has been designated here the thermal 
efficiency of the system, 𝜂𝑡  
𝜂𝑡 =
𝑃𝑡
𝑃𝑡_𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
 (2) 
The next step is to infer the amount of thermal power that is 
actually converted into electric thermal power. The total 
electric power output due to the Seebeck effect, 𝑃𝑒 , will be a 
function of the total voltage generated, as well as of the 
internal and load resistances. The open circuit voltage 
generated by Seebeck effect, Vo, will be simply the 
multiplication of the Seebeck coefficient, α, by the 
temperature difference between the two faces (called hot and 
cold faces) of the modules, and finally multiplied by the total 
number of modules, n, which will typically be connected in 
series (𝑉0 = 𝛼 ∙  𝑇𝐻 − 𝑇𝑐 ∙ 𝑛). 
It has been proven that the electric power output can be 
maximized if the load resistance equals the total internal 
resistance of the generator, n∙Ri  [20], with Ri being the 
internal resistance of a thermoelectric module, which can vary 
with temperature. These conditions may be achieved by using 
a Maximum Power Point Tracking (MPPT) device. The 
theoretical maximum electric power output, 𝑃𝑒_𝑚𝑎𝑥  would 
therefore be obtained with a thermally optimized system (in 
the limit, with negligible thermal resistance). This would mean 
that the hot and cold faces of the modules would be virtually 
equal to the heat source and heat sink temperatures. For a 
system with a Heat Pipe regulating the heat source 
temperature to 𝑇𝐻𝑃  and a heat sink consisting of a circuit of 
liquid with average temperature 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 _𝑎𝑣𝑔  cooling the cold 
face of the modules, the theoretical maximum electric power 
output, 𝑃𝑒_𝑚𝑎𝑥  would therefore be the following: 
𝑃𝑒_𝑚𝑎𝑥 =
 𝑛∙𝛼∙ 𝑇𝐻𝑃 −𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 _𝑎𝑣𝑔   
2
4∙𝑛∙𝑅𝑖
 (3) 
Now the average coolant temperature, 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 _𝑎𝑣𝑔  is itself a 
function of the thermal power crossing all the modules (the 
fluid increases its temperature as it cools down the modules): 
𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑎𝑣𝑔 =
𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑜𝑢𝑡 +𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑖𝑛
2
 (4) 
𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑎𝑣𝑔 = 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 _𝑖𝑛 +
𝑃𝑡
2𝑚 𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑐𝑝 _𝑐𝑜𝑜𝑙
 (5) 
The electric efficiency, 𝜂𝑒  is defined as follows: 
𝜂𝑒 =
𝑃𝑒
𝑃𝑡
 (6) 
If 𝜂𝑒  is measured experimentally as a function of the 
temperature differential  𝑇𝐻𝑃 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 _𝑎𝑣𝑔  , it can be used to 
estimate the electric output as a function of the thermal power 
crossing the system. This relation between 𝜂𝑒and  𝑇𝐻𝑃 −
𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 _𝑎𝑣𝑔   has been inferred from the experimental results 
obtained in the present work and is presented in eq. 10 at the 
end of the results section. 
As an upper limit, all the available thermal power would be 
channeled through the system and the electric output would 
therefore be: 
𝑃𝑒_𝑚𝑎𝑥 = 𝜂𝑒 ∙ 𝑃𝑡_𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒  (7) 
It is interesting to plot the results corresponding to this ideal 
situation because it illustrates the upper limit of the electric 
output that a system like this one could possibly yield if 
optimized. Considering the present case, where 𝑚 𝑒𝑥ℎ𝑎𝑢𝑠𝑡  was 
estimated to be typically around 0.15 kg/s, with the specific 
heat of the exhaust gases, 𝑐𝑝_𝑒𝑥ℎ  being around 1000 J/kgK and 
the coolant flow, 𝑚 𝑐𝑜𝑜𝑙𝑎𝑛𝑡  being 0.031 kg/s, a plot was made 
for these conditions and displayed in Fig. 9. The exhaust 
temperature range encompasses typical Diesel exhaust 
temperatures, which are normally lower than those of Spark 
Ignition Engines. The range of HP temperatures was extended 
slightly beyond the maximum of the 600 ºC condition. It is 
also important to bear in mind that current commercially 
available modules typically display low maximum operating 
temperatures. 
It can be seen that for each exhaust temperature there will be a 
HP temperature that optimizes the electric output. For the 
conditions tested (exhaust temperature typically between 
250 ºC and 300 ºC) the ideal HP temperature is around 130 ºC. 
The trends of the curves can be easily explained. On one hand, 
the higher the exhaust temperature, the higher will be the 
electric output (recall eq. 1) because the available thermal 
power is higher. On the other hand, the higher the HP 
temperature, the lower will be the available thermal power 
(recall eq. 1). This has to do with the second law of 
thermodynamics. In fact, it is impossible for the heat pipe to 
absorb further heat from the exhaust gases once their 
temperature has fallen close to the HP temperature (heat 
transfer always occurs from a hotter to a colder medium, never 
the opposite). It is therefore easy to infer that the lower the 
exhaust temperature (for a given mass flow of gases) the lower 
will be the optimum HP temperature. 
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Figure 9. Electric power generated by a system with 100% 
thermal efficiency, as a function of HP temperature and 
Exhaust temperature 
Now, if the thermal load is bigger for the same exhaust 
temperature (that is, if a higher mass flow of gases exists) it 
can be said with some confidence that the optimum HP 
temperature will also be higher. This has not been simulated 
here, but looking at eq. 1 it is easily understandable that the 
available thermal load under these conditions will also 
increase (due to a higher  𝑚 𝑒𝑥ℎ𝑎𝑢𝑠𝑡 ) and allow a higher HP 
temperature. 
Now considering a more realistic situation where only a 
fraction 𝜂𝑡  of the available heat is channeled into the system, 
the following equation applies: 
𝑃𝑒 = 𝜂𝑒 ∙ 𝑃𝑡 = 𝜂𝑒 ∙ 𝜂𝑡 ∙ 𝑃𝑡_𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒  (8) 
The results for a system with 𝜂𝑒 = 75% is plotted in Fig. 10. 
This situation roughly corresponds to the tests made with HP 
temperatures around 130 ºC and 145 ºC presented in the 
experimental results section). 
It may be seen that the optimum HP temperatures are roughly 
unaltered, but the total electric output is reduced as expected. 
Although simplified, the aforementioned theoretical approach 
is useful to have a global insight into the influence of factors 
such as the temperature at which the heat exchange with the 
exhaust system takes place (the HP temperature), the heat 
harvesting efficiency and also the exhaust temperature, 
although the mass flow rate of gases has been kept constant in 
the analysis. 
 
 
Figure 10. Electric power generated by a system with 75% 
thermal efficiency, as a function of HP temperature and 
Exhaust temperature 
 
Experimental Results 
To further assess the phenomena under study a set of 
experimental tests was performed with a proof-of-concept 
prototype for a range of HP temperatures between 100 ºC and 
160 ºC. The coolant flow was kept constant (31 ± 0.6 g/s) in 
all tests. 
1 bar / 100 ºC 
Fig. 11 displays the temperatures recorded during a test made 
with pressure of 1 bar, which resulted in an operating 
temperature around 100 ºC (water boiling point for this 
pressure). 
The 10 hp diesel engine was connected to a hydraulic 
dynamometer and run at a stabilized speed of around 3500 
rpm. The exhaust temperature (tagged “gases entry”) can be 
seen here fluctuating between 200 and 250 ºC with the outlet 
gas (tagged “gases exit”) stabilizing around 160 ºC. It can be 
seen that the HP interior reaches the operating temperature 
rather quick, and completely stabilizes for the rest of the test.  
The first condenser block to receive the heat is Block 3 (see 
Fig. 11 for block nomenclature), which is the lowest one along 
the heat pipe condensers region. A steep increase of the 
temperature of hot faces of the thermoelectric modules 
attached to this block (tagged “hot face Block 3”) can be 
observed. This indicates that the prototype displays a rather 
low thermal resistance at the hot side temperatures of the 
modules are smoothly increasing. This is a result of the 
0
10
20
30
40
50
60
70
80
90
100
50 100 150 200 250 300 350 400
M
ax
im
u
m
 T
h
e
o
re
ti
ca
l 
El
e
ct
ri
c 
P
o
w
e
r 
[W
]
Interior HP Temperature
Electric Power
600
500
400
300
250
200
150
100
100% 
thermal 
efficiency
Exhaust
Temp.
0
10
20
30
40
50
60
70
80
90
100
50 100 150 200 250 300 350 400
M
ax
im
u
m
 T
h
e
o
re
ti
ca
l 
El
e
ct
ri
c 
P
o
w
e
r 
[W
]
Interior HP Temperature
Electric Power
600
500
400
300
250
200
150
100
75% 
thermal 
efficiency
Exhaust
Temp.
Page 8 of 13 
  
cooling water circuit being shared with the hydraulic brake 
circuit, which heats up during the test. 
 
 
 
Figure 11. Temperature results for an HP pressure / 
temperature of 1 bar / 100 ºC 
A specific curve in Fig. 12, the one tagged “Cup thermal 
power”, is worthy of mentioning. It corresponds to the thermal 
power absorbed by the cup located between the condenser and 
the expansion tank. This cup consists on a concentric tube heat 
exchanger that uses the water of the cooling system. Its 
function is to absorb the excess heat that is not transferred 
across the modules. It avoids the migration of vapor to the 
expansion tank and the dry out of the evaporator in the event 
of excess thermal power at the evaporator. It starts absorbing 
heat around 500s after the beginning of the test. 
Fig. 12 highlights the thermal powers of the three different 
blocks, as well as the excess heat cup. The powers are 
estimated by measuring the temperature difference of the 
coolant before and after each block. This increase yields the 
thermal power transmitted from the modules to the coolant by 
using the following expression: 
𝑃𝑏𝑙𝑜𝑐𝑘 _𝑖 = 𝑚 𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙ 𝑐𝑝_𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙  𝑇𝑐𝑜𝑜𝑙 _𝑜𝑢𝑡 _𝑖 − 𝑇𝑐𝑜𝑜𝑙 _𝑖𝑛 _𝑖  (9) 
It is interesting to note in Fig. 12 the cascade operation of the 
system. The following block only starts to be heated once the 
preceding block has achieved the full HP temperature. This is 
advantageous since heat dilution is avoided. It is therefore 
natural that, as seen in Fig. 12, the excess heat cup only enters 
operation once all three blocks are at their full operation. 
 
Figure 12. Thermal power results for an HP pressure / 
temperature of 1 bar / 100 ºC 
The electric power output of the three blocks of the system is 
displayed in Fig. 13. There was a performance problem with 
block 2 that made it provide a slightly lower output than is 
was supposed. Apart this anomaly, the differences between the 
outputs of the three blocks have to do with the warming of the 
coolant as it passes through each block. Also, the slight 
decreasing trend of the curves has to do with the increase of 
the coolant circuit temperature, which is common to the 
engine brake circuit. Eventually, this factor gradually 
deprecated the available ΔT and therefore the electric output. 
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Figure 13. Electric power results for an HP pressure / 
temperature of 1 bar / 100 ºC 
 
2.7 bar / 130 ºC 
The next Figures refer to the test that provided the highest 
total electric output, corresponding to 130 ºC of HP operating 
temperature.  
 
Figure 14. Thermal power results for an HP pressure / 
temperature of 2.7 bar / 130 ºC 
These results are in line with the theoretical predictions 
previously described, where the maximum output for 300 ºC 
exhaust temperature was around this value (recall Fig. 10). In 
this test the cascading start of the three blocks also happens, 
but slower. Achieving maximum output means that among the 
four tests done this is the one that achieved the best 
compromise between TEG efficiency (increases with 
temperature increase) and available thermal power (decreases 
with temperature increase). Nevertheless, looking at Fig. 14 it 
can be seen that as the end of the test approaches, the available 
thermal power starts falling short for the full operation of the 
last block (Block 1). 
6 bar / 160 ºC 
Fig. 15 shows the results for the highest HP temperature tested 
(around 160 ºC, achieved with an inner HP pressure around 
6 bar).  
 
 
Figure 15. Temperature and electric / thermal power results 
for an HP pressure / temperature of 6 bar / 160 ºC 
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Clearly, here the available thermal power is only sufficient to 
fully activate Block 3, as seen in Fig. 16. Nevertheless, the 
exhaust exit temperature was still higher than the HP 
temperature, meaning that the efficiency of the heat exchanger 
could still be improved. 
A strange phenomenon, notorious also in the previously 
described test, can be observed, in which the excess heat cup 
is briefly active as soon as the heat source is removed at the 
end of the test. 
 
Figure 16. Thermal power results for an HP pressure / 
temperature of 6 bar / 160 ºC 
 
 
Figure 17. Electric power results for an HP pressure / 
temperature of 6 bar / 160 ºC 
 
Global results 
It seems useful to end the analysis by looking at the trends of 
the whole group of tests made, in terms of thermal power, 
open circuit voltage, electric power and electric efficiency of 
the system. The values on these plots are representative of the 
steady state operation. 
Beginning with the thermal powers displayed in Fig. 18, it can 
be confirmed what already was noted earlier, of the cascade 
operation of the three blocks. The blocks are gradually 
activated depending on the available thermal power. This 
mode of operation is convenient as it avoids heat dilution. The 
cascade operation is a consequence of the variable 
conductance of the heat pipes used (VCHPs). As more power 
is supplied to the evaporator, a higher mass of vapor is 
generated reaching higher regions of the condenser as it 
pushes up the compressed air present inside the HP. 
 
Figure 18. Steady State thermal power results for the whole 
HP pressure / temperature range tested 
The response of Block 3 in terms of thermal power absorbed 
varies approximately linearly with the HP temperature. The 
open circuit voltage generated by Seebeck effect shown in Fig. 
19 is rather proportional to the HP temperature, indicating a 
fairly stable Seebeck coefficient for this temperature range. 
The electric power generated under near-to-steady state 
conditions is displayed in Fig. 20 for the whole test range. The 
values displayed were calculated based on the voltage 
measurements made to the several modules. In some of them 
the open circuit voltage was measured while in others a circuit 
with precision resistances was used. The value of the 
resistances was chosen so as to maximize power (ideally this 
resistance should equal the internal resistance of the modules). 
Since electric power depends on the square of the voltage, the 
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differences between the power curves of the three blocks are 
more apparent than between voltage curves. The slight 
increase in coolant temperature as it sequentially cools each 
block has a mild effect on the power generated since this 
coolant warming slightly deprecates the temperature 
difference across the faces of the modules. This is a reason for 
the differences in power even when all three blocks are 
operating at full power. 
 
Figure 19. Steady State Open Circuit Voltage results for the 
whole HP pressure / temperature range tested 
 
 
Figure 20. Steady State Electric Power results for the whole 
HP pressure / temperature range tested 
 
The last plot to be analyzed is the one displayed in Fig. 21 
which refers to the electric efficiency, 𝜂𝑒 , of the three different 
blocks of modules. The definition for this factor has been 
made in eq. 6. For Block 3, which is under full operation in all 
tests, 𝜂𝑒  is roughly linear with the HP temperature. For the 
theoretical analysis previously presented, there is interest to 
infer a mathematical relation between 𝜂𝑒  and the temperature 
differential  THP − Tcoolant _avg   for use in equations 7 and 8. 
For the measured global efficiency of the system, the thick 
purple curve presented in Fig. 21 , the following expression 
was obtained by linear regression: 
𝜂𝑒 = 6.824 ∙ 10
−5 𝑇𝐻𝑃 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 _𝑎𝑣𝑔  + 4.146 ∙ 10
−3 (10) 
This linear relation was used to build the plots shown in 
Figures 9 and 10. In general, the efficiency of a thermoelectric 
device is not linear with temperature, but for this limited 
temperature range it is the indicated curve fit. 
 
Figure 21. Steady State Electric efficiency results for the 
whole HP pressure / temperature range tested 
 
CONCLUSIONS 
The present work assessed both theoretically and 
experimentally the influence of the heat exchange operating 
temperature on the operation of exhaust heat recovery 
thermoelectric generators incorporating temperature control 
through variable conductance heat pipes. 
Theoretical expressions were derived to estimate the optimum 
HP temperature for maximizing the electric output of a 
thermoelectric generator as a function of exhaust temperature. 
A small capacity Proof-of-Concept thermoelectric generator 
with 3 blocks of 4 thermoelectric modules was built and tested 
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for a range of HP operating temperatures (100 ºC – 160 ºC). A 
small (9 hp) Diesel engine with low exhaust temperatures 
(200 ºC – 300 ºC) was used. This was done in order to 
illustrate the capability of these generators to operate even 
with low powers / temperatures, but the concept is still valid 
for bigger systems with higher installed powers. 
Both the predictions and the tests showed that although the 
efficiency of the modules increases with the operating 
temperature, nevertheless the increasing the HP temperature 
beyond a certain limit eventually causes the degradation of the 
electric generation due to the reduction of the usable/available 
exhaust energy. Nevertheless, a high HP operating 
temperature will be limitative for performance mainly in cases 
where low exhaust temperature and low engine power are 
present. Both predictions and tests recorded an optimum HP 
temperature around 130 ºC for the generator under analysis 
and for the engine operating conditions tested. 
Despite the still low (but increasing) efficiencies of 
commercially available thermoelectric modules, the studied  
concept based on temperature controlled heat transfer through 
heat Pipes showed several advantages over bypass/wastegate 
systems currently deployed in existing exhaust heat recovery 
systems. Evaporative-based heat transfer allows for very low 
thermal resistance. VCHPs provide heat conversion (by 
temperature downgrade) rather than heat rejection in excess 
power events as in the case of bypass systems. There is no 
heat dilution due to the cascade operation as well as passive 
protection against overheating. The advances in thermoelectric 
material will further boost the usefulness of the approaches 
studied. 
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DEFINITIONS/ABBREVIATIONS 
HP Heat Pipe 
ICE Internal Combustion 
Engine 
TE Thermoelectric 
TEG Thermoelectric Generator 
VCHP Variable Conductance 
Heat Pipe 
 
 
